Background and purpose: Physical activity provides substantial health benefits. Older adults are less physically active than the rest of the population, and interventions that promote physical activity are needed. In this metaanalysis, we investigate how different wearable activity trackers (pedometers and accelerometers) may impact physical activity levels in older adults. Methods: We searched MEDLINE, Embase and CINAHL for randomized controlled trials including participants that were ≥65 years, using wearable activity trackers with the intent of increasing physical activity. Studies whose comparator groups were engaged in active or inactive interventions, such as continued a physical therapy program or goal-setting counseling, were not excluded simply for implementing co-interventions. We used random-effects models to produce standardized mean differences (SMDs) for physical activity outcomes. Heterogeneity was measured using I 2 .
Introduction
It has been demonstrated that regular physical activity in older adults plays an important role in maintaining mental and physical health (Centers for Disease Control and Prevention, 2015) . For older adults, increasing daily physical activity may reduce the risk of certain conditions, help maintain weight, strengthen bones and muscles, improve mental health, decrease chance of falls, improve overall function, reduce healthcare expenditure and increase life expectancy (Centers for Disease Control and Prevention, 2015) . Despite well-known evidence to support the benefits of physical activity, older adults are reported to be the most inactive population, with approximately 43.4% of adults aged 65-74 who report leisure-time activity meeting the federal physical activity guidelines for aerobic activity, 15.5% meeting the guidelines for aerobic and muscle strengthening, and approximately one in four adults aged ≥50 years reporting no physical activity outside of work (Centers for Disease Control and Prevention, 2013; Ward et al., 2016; Watson et al., 2016) . Additionally, as of 2015, 21.7% of adults aged https://doi.org/10.1016/j.exger.2018.08.002 Received 11 January 2018; Received in revised form 26 July 2018; Accepted 8 August 2018 ≥65 rate their health as poor and the prevalence of obesity in adults aged ≥60 is 30.1% in the United States (National Center for Health Statistics, 2016; Ward et al., 2016) . Walking, a preferred form of exercise for older adults (Centers for Disease Control and Prevention, 2013) , may be a relatively safe and efficient way to achieve daily recommended amounts of physical activity. Self-monitored walking may be done easily with small, unobtrusive wearable activity trackers.
Implementing self-monitoring and feedback in order to positively affect physical activity behavior, goal attainment, and adherence has shown success in previous systematic reviews, yet these reviews also suggest the need for further investigation (Burke et al., 2011; Stephens and Allen, 2013) . Pedometers and accelerometers have been found feasible for self-monitoring movement in older adult populations (de Bruin et al., 2008) , despite suggestions that older adults face challenges using this technology (Wandke et al., 2012) . Pedometers track steps in one plane of motion based on trunk swing during gait. Accelerometers combine tri-planar motions to better detect steps. Both devices are relatively simple, valid, and reliable tools designed to objectively detect physical activity. Furthermore, pedometers are considered more affordable and easy to use with little training (Tudor-Locke and Lutes, 2009) . Some limitations noted with pedometers are the inability to capture intensity as well as underestimating step-count in certain populations with slower ambulation speeds (Le Masurier and TudorLocke, 2003; Tudor-Locke et al., 2002) . In comparison, more expensive accelerometers may overcome the previously mentioned limitations with the potential to detect multi-planar movement and intensity levels (Aparicio-Ugarriza et al., 2015) . While both pedometers and accelerometers offer opportunities for objective self-monitoring, accelerometers provide data in real-time via computer programs that allows for in depth analysis and third party participation (Gonzalez et al., 2013; Lyons et al., 2014) .
Current systematic reviews and meta-analyses that focus individually on accelerometers or pedometers have shown positive effects on increasing physical activity in the general adult population (Goode et al., 2016; Kang et al., 2009 ). To our knowledge, no previous systematic review has conducted a comparative analysis of the effects of wearable motion sensing technology (pedometers and accelerometers) in older adults, a population at high risk of adverse health sequelae as a result of sedentary behavior (Watson et al., 2016) . Therefore, the purpose of this systematic review was to determine the effect of interventions that incorporate wearable motion sensing technology and compare efficacy of accelerometers and pedometers in increasing older adult physical activity levels. Information gained from this systematic review may help guide physical activity intervention plans for older adults or future research.
Methods
We followed a standard protocol for this review, conducting it in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) statement. Each step was pilot-tested to train and calibrate study investigators.
Data sources and search strategy
We searched MEDLINE (via PubMed), Embase, and CINAHL from each respective database inception date to May 2017. We used Medical Subject Heading (MeSH) terms and selected free-text terms for wearable activity monitors and for outcomes of interest (e.g., movement, exercise therapy, physical fitness) along with validated search terms for study designs of interest. Each bibliography of included trials and systematic reviews was reviewed for missed publications. A complete listing of the search strategy can be found in Appendix A.
Eligibility criteria
To be included, studies had to (1) include a sample of over 75% adults ≥65 years of age as determined by a mean age and standard deviation, (2) use wearable motion sensing technology (accelerometer or pedometer) within an intervention designed to increase physical activity or compare devices in increasing physical activity, (3) report changes in the outcomes of physical activity (i.e. daily steps, minutes walking, etc.) (4) be a randomized controlled trial (RCT) with a total sample size of > 20 participants and outcomes > 6 weeks, and (5) be published in an English-language peer-reviewed journal. Studies were excluded if they did not include a population of interest, did not include an outcome of interest or were a pilot or feasibility study due to the potential for low quality or high risk of bias. Studies whose comparator groups were engaged in co-interventions, whether active or inactive interventions, such as continued a physical therapy program or goal-setting counseling, were not excluded simply for implementing co-interventions. A detailed list of eligibility criteria can be found in Appendix A.
Screening and eligibility
Two trained investigators screened titles and abstracts (CC and ADG) against eligibility criteria. Full-text articles identified by either investigator as potentially relevant were retrieved for further review and examined by two investigators (CB and RP) against the eligibility criteria. Disagreements were resolved by discussion or by a third investigator (CC). In addition, trials with three or more arms were examined for appropriateness of all arms for inclusion.
Data abstraction
Data from included trials were abstracted into a customized database by a trained investigator and confirmed by a second investigator. Disagreements were resolved by consensus or by obtaining a third investigator's opinion when consensus could not be reached. We grouped the devices into two categories as to whether the manufacturer classified the device as a pedometer or accelerometer. Each device may have a different accuracy (sensitivity or specificity) for measuring physical activity, and these differences may influence the overall summary estimate for each wearable device category. However, we anticipate these influences to be small since most accelerometers have high accuracy values (de Bruin et al., 2008) . Data elements included date of publication, sample size, population characteristics (e.g., chronic medical illness status, sex, age), and descriptors to assess applicability, quality elements, and outcomes. Key intervention characteristics abstracted were the type of activity monitor (e.g., brand, location worn on body), type of adjunctive intervention (e.g., counseling and goal setting education), and duration as well as frequency of intervention.
Risk of bias
We used key quality criteria described in the Cochrane Collaboration Risk of Bias Tool to assess risk of bias in each included study. The tool evaluates six different domains across seven questions: (1) selection bias (i.e., adequacy of random-sequence generation, allocation concealment), (2) performance bias for each outcome (i.e., knowledge of allocated intervention by participants and study personnel that could introduce bias), (3) detection bias for each outcome (i.e., knowledge of allocated intervention by outcome assessors), (4) attrition bias (i.e., amount, nature, or handling of incomplete outcome data), (5) reporting bias (i.e., selective outcome reporting), and (6) other bias (e.g., differences in relation to baseline measures, reliable primary outcomes, protection against contamination).
We evaluated each domain as low, unclear, or high risk of bias. An overall score of low risk of bias required selection bias related to random sequencing and allocation concealment, performance bias, and detection bias to be scored "low risk" with no other important concerns. For performance bias and detection bias, studies did not need to blind study personnel and participants to receive a low risk of bias if outcome measurement was not likely to be influenced by lack of blinding. A judgment of unclear risk of bias was assigned if 1 or 2 domains were scored "not clear" or "not reported." Studies judged to be high risk of bias had > 2 domains scored "not clear" or "not reported."
Data synthesis
When meta-analysis was feasible (≥3 studies within a category), we computed summary estimates of effect. We aggregated outcomes when at least three studies investigated the same outcome. Due to differences in the reporting of units of measurement, as some studies reported walking per day versus steps per day, outcomes were analyzed using standardized mean differences (SMDs) in a random-effects model. Standardization allows combining studies from different outcomes measuring a similar construct but removes the unit of measurement. Therefore, the method we used to interpret the SMD as an effect size is as follows: small effect size, SMD = 0.2; medium, SMD = 0.5; and large, SMD ≥ 0.8. We evaluated for statistical heterogeneity using visual inspection of forest plots and the I 2 statistic with significant heterogeneity being an I 2 value > 50%. Due to the low statistical power for detecting publication bias with a small number (< 10) of included studies (Sterne et al., 2000) we assessed for potential publication bias by comparing registered clinical trials in ClinicalTrials.gov with published literature. In addition, due to the small number of included studies in each wearable device category we did not attempt formal meta-regression or stratified analysis to examine potential moderators. All quantitative analyses were performed in Stata V.14 (College Station, TX). If a quantitative synthesis was not feasible (≤3 studies in a group), we analyzed the data qualitatively.
Results
Our search identified 1720 references; after the elimination of duplicates, 1353 remained. Following title and abstract screening, 34 articles were eligible for full text review. A total of nine articles met study eligibility criteria and were analyzed quantitatively (n = 8) or qualitatively (n = 1) (Butler et al., 2009b; Cadmus-Bertram et al., 2015; Croteau et al., 2007; Kawagoshi et al., 2015a Kawagoshi et al., , 2015b Koizumi et al., 2009; McMurdo et al., 2010; Nicklas et al., 2014; Thompson et al., 2014; Wijsman et al., 2013) . Details about how studies were chosen for this systematic review can be seen in Fig. 1 . No studies were identified in ClinicalTrials.gov that would indicate completed but unpublished work in this field suggesting no evidence of publication bias.
Study characteristics
A total of four articles investigated the efficacy of accelerometers and four examined pedometers for in increasing physical activity in older adults, seen in Table 1 below. One article compared the difference in physical activity of older adults when using an accelerometer or a pedometer. Six studies incorporated exercise counseling in their intervention with varying objectives such as goal setting, motivation, education, and identifying barriers to exercise in subjects. Among these six studies, however, in three of the studies the control group also received exercise counseling. All of the studies reviewed, except for one, instructed participants receiving the intervention to set physical activity goals for the study duration. In five studies (n = 1 for accelerometers, n = 3 for pedometers and n = 1 accelerometer versus pedometer) the comparator in the control group utilized some form of active intervention (i.e., self-monitoring, self-pacing, coaching, counseling, etc.). Three studies structured their control groups to engage in physical activity without pedometers, relying on self-report measures to capture activity. The one study directly comparing accelerometers to pedometers instructed their comparator subjects to self-monitor exercise with pedometers, but did not receive guided exercise counseling. All but two studies measured physical activity through minutes walking each day. The other studies used daily steps as a physical activity measure. Intervention duration for the reviewed studies varied from 6 weeks (n = 2), 12 weeks (n = 4), 16 weeks (n = 1), 24 weeks (n = 2), 40 weeks (n = 1), to 52 weeks (n = 1). A specific study characteristics summary of the nine included studies, stratified by pedometer or accelerometer use, can be seen in Table 1 below.
Participant characteristics
This systematic review evaluated 975 participants through nine studies. Overall, five articles (n = 547) simply recruited a sample over 75% of adults ≥65 years old. The other four studies chose to investigate specific subsets of the older adult populations. Two studies examined physical activity increase in older women (n = 255) and two other studies focused on older patients with Chronic Obstructive Pulmonary Disease (COPD) (n = 27) and older patients engaging in cardiac rehabilitation (n = 110). Table 2 describes the device characteristics and compliance within the nine included studies. Of the five studies that used accelerometers, only two studies used the same device, a Lifecorder. In the pedometerbased studies, researchers from three of six studies relied on Yamax Digiwalker pedometers. Seven of the nine studies in this review instructed subjects to wear the device at hip or waist level for the duration of the intervention. One study supplemented the waistline device with two accelerometer sensors on the thigh and chest. One study directed subjects to wear the device on the right wrist or right ankle. The other remaining study did not report where the subject wore the device. All but three studies encouraged subjects to self-monitor daily activity feedback through constant display and updates of real time minutes or steps per day. Subjects in two studies received physical activity feedback from investigators at specific points during the study, but could not view the pedometer feedback in between. One study chose not to give control subjects feedback at all throughout the study in order to have a more objective measure of physical activity level compared to self-report measures. Four of the nine studies did not report compliance with the entire intervention given (wearing motion-sensing technology, goal setting, counseling, etc.). Of the five studies that did disclose compliance, one study held subjects to a 100% compliance standard for inclusion, three studies had over 90% subject adherence, and one study reported over 80% compliance. Fig. 2 illustrates those included accelerometer and pedometer studies and pooled effect for each device across the 4 trials. Four studies (n = 400 subjects) measuring physical activity with accelerometers were pooled. The effects from included studies utilizing accelerometers varied with effects favoring the control group to strong effects favoring the intervention groups. A statistically significant small-to-medium effect was found (SMD = 0.43 (95% 0.19, 0.68)) for accelerometers and changes in physical activity, without significant heterogeneity present (I 2 = 18.6%, p < 0.298). Four studies were pooled (n = 488 subjects) that utilized pedometers to measure physical activity. Consistent effects across studies were found with effect estimates ranging from small (0.03) to large (0.84) effect. No statistically significant effect was found between pedometer use and increased physical activity (SMD = 0.22 (95% CI −0.08, 0.51, I 2 = 48.2%, p = 0.122)).
Device characteristics

Meta-analysis
Risk of bias
Fig . 3 provides the risk of bias with judgments for each individual domain, and Fig. 4 provides the risk of bias with our judgments about each risk of bias item presented as total percentages across all included studies. The majority of studies (6 of 9 [66.67%]) were judged to be at high risk of bias, two studies were judged to be unclear (2 of 9 [22.2%]) and one study (1of 9 [11.11%]) was judged to be at low risk of bias. For risk of selection bias, two of the nine trials (22.2%) did not give details about the method for generating the random sequence, resulting in an unclear risk of bias rating. For a large proportion of trials (5 of 9 [55.56%]), there was an unclear risk of bias due to inadequate detail about allocation concealment provided by authors. In 6 of 9 trials (66.7%) there is high risk of bias due to knowledge of the allocated intervention by study personnel (i.e. performance bias). In 3 of 9 (33.3%) trials there is unclear risk of bias and 2 of 9 (22.2%) due to knowledge of the allocated intervention by the outcome assessor (i.e. detection bias). The majority of studies (7 of 9 [77.8%]) were judged to Experimental Gerontology 112 (2018) 9-19 Table 1
Description of included study populations, interventions, comparators and outcomes. Experimental Gerontology 112 (2018) 9-19 be of high risk of bias due to other types of potential bias. All of the trials reported complete outcome data that included information on attrition and exclusions from analysis.
Discussion
We systemically reviewed the existing literature on the effectiveness of pedometers and accelerometers alone or in combination with other interventions for increasing physical activity levels in the older adult population. We analyzed nine studies that met the inclusion criteria. This review showed participant groups that used an accelerometer alone or as part of an intervention approach resulted in improvements of physical activity levels. The use of pedometers alone or as part of an intervention approach, however, did not demonstrate a statistically or clinically important increase in physical activity. Our accelerometer results are consistent with previous findings from other systematic reviews that have shown improvements in physical activity from interventions that incorporate accelerometer usage (Bravata et al., 2007; Goode et al., 2016) . Our improvement effect size is higher than most studies, possibly due to higher precision of accelerometers for slower gait speeds. Five of nine studies reported high compliance of the devices used during the intervention.
Our results indicate a moderate to strong statistically significant effect supporting the use of accelerometers with no statistically significant effect found for pedometer use. Previous reviews have identified a similar result for accelerometers, small but statistically significant (Goode et al., 2016) . However, those studies did not focused exclusively on older adults, a sub-group at high risk of functional decline as a result of sedentary behavior (Watson et al., 2016) . The stronger effects for accelerometers compared to pedometers may be accounted by the accelerometers' multi-planar motion capture, or that pedometers have difficulty reporting step counts during slower ambulation, which is more typical in older adults (Gonzales et al., 2015; Le Masurier and Tudor-Locke, 2003) . This is also supported by the only study we found that compared the two types of devices against one another (CadmusBertram et al., 2015) . Two studies (Butler et al., 2009a; Kawagoshi et al., 2015a Kawagoshi et al., , 2015b ) both showed significant medium-to-strong associations between pedometers and increased physical activity. However, both of these studies included populations participating in a structured exercise program within a rehabilitation setting (cardiac and pulmonary). It may be the case that a structured and more aggressive rehabilitation program resulted in these significant improvements when compared to the two other pedometer studies. In addition, the other two pedometer studies (Butler et al., 2009a; McMurdo et al., 2010) included community dwelling women or older adults with a substantial portion having either long standing illness or chronic comorbidities (i.e., osteoarthritis or osteoporosis) that could potentially limit activity. The differences in the included populations may be the reason for the moderate heterogeneity we found in this summary estimate for pedometers.
We identified one article that met our inclusion criteria directly comparing accelerometers to pedometers to increase PA in older adults (Cadmus-Bertram et al., 2015) . Because this study was heterogeneous with the other studies in our meta-analysis described above, we did not include it. However, it did directly compare accelerometers and pedometers and deserved a discussion within this review, despite exclusion from statistical analysis. This study asked participants to perform 150 min/week of moderate to vigorous physical activity (MVPA) and walk 10,000 steps/day for 16 weeks. The participants were fifty-one inactive, postmenopausal women who were overweight with a BMI ≥ 25.0. The accelerometer group received a Fitbit One, a 3-axis accelerometer that clips onto clothing, set individualized goals for the first 4 weeks and received a follow-up call at 4 weeks to evaluate progress and refine goals. The pedometer group received a basic pedometer and printed materials with tips for increasing steps and received a brief goal-setting process. Ninety-six percent of participants reported wearing their device ≥4 days/week. The Table 2 Device information stratified by study device. and increased steps/day by 789 (1979) (p = 0.01), while the pedometer group experienced non-significant increases in physical activity. We also found the studies that allowed the subjects to receive continuous feedback from their device had an associated higher compliance level. Although, similar to a previous systematic review, neither higher compliance nor continuous feedback correlated with increased physical activity levels (French et al., 2014) . We did not find that counseling had an effect on physical activity; in fact, we found that the studies that did not counsel their subjects had generally higher physical activity levels. This is inconsistent with current literature that recommends counseling and behavior programs as part of best practices in increasing physical activity in older adults (Cress et al., 2004) . However, Sawchuk et al. (2011) found that goal setting when used in conjunction with pedometer use had no statistical impact on physical activity over pedometer use alone.
Technology adoption among older adults has often been reported to present challenges. Just over half of this review's included studies reported on the compliance of older adults using wearable technology. However, of those studies reporting on device compliance, the majority report a high compliance rate with over 80% of older adults adhering to the study requirements. There are various theories about technology being too difficult for older adults due to decreased processing speed, decreased fine manipulation, and high learning curve (Wandke et al., 2012) . However, evidence shows that with well-designed interfaces, proper training or guidance, and possible adaptations, older adults can successfully use newer technology (Pew Research Center, 2017; Wandke et al., 2012) .
Our review has several strengths including a rigorous search and duplicate inclusion process; however, our review is not without limitations. In comparing accelerometers and pedometers efficacy of increasing physical activity, preferably our systematic review would have more than one study directly comparing the two. In the absence of more direct comparison studies, we were left to compare isolated studies of pedometers or accelerometers to non-device interventions. Additionally, the heterogeneity of physical activity outcome measurements (e.g., steps per day or minutes per day) across studies required us to standardize summary estimates, which can lead to challenges in interpretation. This is because standardization removes the original units of measurement and summary estimates are interpreted as a correlation. A standard guideline for measuring and reporting physical activity by accelerometers or pedometers in future studies would improve future meta-analyses and interpretation of estimates. The included studies varied in duration of intervention length, which may influence our overall pooled estimates. Due to the small number of studies included within each device category we did not attempt meta-regression or stratified analysis to determine if there was a moderation effect from intervention duration. In our previous work (Goode et al., 2016) we have identified a small moderator effect from intervention duration, where shorter duration studies have larger effects on physical activity. For this study on older adults, however, no consistent relationship appears to exist, shorter duration studies seem to have a larger effect among the accelerometers. However, the intervention duration and individual study estimates vary widely among the pedometers. Lastly, several studies included a co-intervention, both active and inactive, Fig. 2 . Pooled summary estimates by accelerometers and pedometers for increasing physical activity in older adults.
C. Cooper et al. Experimental Gerontology 112 (2018) 9-19 therefore we are unable to isolate the direct effect of the wearable device on physical activity changes.
Conclusion
Accelerometers, alone or in conjunction with other co-interventions, increased physical activity in older adults however, with pedometers alone or in conjunction with other co-interventions no increase in physical activity was identified. Higher step detection accuracy in accelerometers may explain the difference. The high risk of bias found in most studies limits these findings. Since only one study directly compared the two devices, our recommendations are based on current research comparing individual devices against or in combination with other interventions. As previous systematic reviews have also recommended (Allet et al., 2010; Bravata et al., 2007; de Bruin et al., 2008) , our review supports the need for additional welldesigned controlled studies that investigate the benefit of wearable motion-sensing technology in older adults. Further research should examine pedometer use compared to accelerometer use. Specifically these studies should investigate: 1) tracking activity intensity level using heart rate monitors; (2) include an inactive control group that does not rely on self-report; (3) split interventions to have different cohorts that would include counseling compared to goal setting compared with sole accelerometer/pedometer use to determine the isolated effect of a wearable device without co-interventions; and (4) intervention groups with and without continuous feedback from the accelerometer. Information gained from this systematic review may help guide physical activity intervention plans for older adults.
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